Abstract: Biopolymers have shown a great effect in enhanced oil recovery because of the improvement of water-flood performance by mobility control, as well as having been considered for oil contaminated-soil remediation thanks to their mobility control and water-flood performance. This study focused on the wettability analysis of biopolymers such as chitosan (85% deacetylated power), PEO (polyethylene oxide), Xanthan (xanthan gum), SA (Alginic Acid Sodium Salt), and PAA (polyacrylic acid), including the measurements of contact angles, interfacial tension, and viscosity. Furthermore, a micromodel study was conducted to explore pore-scale displacement phenomena during biopolymer injection into the pores. The contact angles of biopolymer solutions are higher on silica surfaces submerged in decane than at atmospheric conditions. While interfacial tensions of the biopolymer solutions have a relatively small range of 25 to 39 mN/m, the viscosities of biopolymer solutions have a wide range, 0.002 to 0.4 Pa¨s, that dramatically affect both the capillary number and viscosity number. Both contact angles and interfacial tension have effects on the capillary entry pressure that increases along with an applied effective stress by overburden pressure in sediments. Additionally, a high injection rate of biopolymer solutions into the pores illustrates a high level of displacement ratio. Thus, oil-contaminated soil remediation and enhanced oil recovery should be operated in cost-efficient ways considering the injection rates and capillary entry pressure.
Introduction
Recently, organic agents such as polymers, biopolymers, and surfactants have been developed for soil improvement and have demonstrated their abilities to improve the shear strength, stiffness, soil remediation, and erosion resistance of geomaterials [1] [2] [3] [4] [5] [6] [7] [8] [9] . Furthermore, biopolymers, such as polyacrylamide (PAM) and xanthan gum, have shown a great effect in enhanced oil recovery (EOR)
Capillary Pressure
Wettability of mineral and interfacial tension between two fluids are key factors controlling the mobility of biopolymer solution, biopolymer solution-oil displacement, and capillary pressure in porous media. Due to the differences in mineral surface wettability by biopolymer solution and oil, a capillary pressure difference (P c ) between these two phases must exceed in order for biopolymer solution to enter the pores in the porous media. As described by the Young-Laplace equation (Equation (1)), capillary entry pressure of biopolymer solution into the original oil-filled pores is determined by the pore radius (R), the biopolymer solution-oil interfacial tension (σ), and the contact angle (θ) among the biopolymer solution-oil-mineral surface [51] :
where, the values of pore radius (R) are quite fixed depending on in-site geological conditions. However, both the biopolymer solution-oil interfacial tension (σ) and the contact angle (θ) among the biopolymer solution-oil-mineral surface have not been well identified. Therefore, the biopolymer solution-oil interfacial tension (σ) and contact angle (θ) cause the greatest uncertainty to the predictions of biopolymer solution mobility, saturation, and capillary entry pressure.
Multiphase Fluids Flow in Porous Media
In multiphase fluids flow, displacement ratios in porous media is determined by two dimensionless numbers [52, 53] :
where, viscosity number (N m ) is defined as the ratio of the injected fluid viscosity (µ inv ) and the defensed fluid viscosity (µ de f ); in addition, capillary number (N c ) represents the ratio of viscous force over capillary force and is associated with the injected fluid velocity (v inv ), injected fluid viscosity (µ inv ), the contact angle on mineral surface (θ), and the interfacial tension between injected-and defensed-fluids (σ). These two dimensionless numbers govern three dominant regions with distinct displacement patterns and efficiencies ( Figure 1 ): capillary fingering, viscous fingering, and stable displacement [54] [55] [56] . [52, 53] .
Experimental Methods and Results

Material
Five different biopolymers were selected in this study that are popular in soil remediation and enhanced oil recovery: chitosan (85% deacetylated power, Alfa Aesar), PEO (polyethylene oxide, Acros), xanthan (xanthan gum, Pfaltz and Bauer), SA (Alginic Acid Sodium Salt, MP Blomedicals), and PAA (polyacrylic acid, Polysciences) ( Figure 2 ). Chitosan is obtained by deacetylating chitin which is the structural element in the exoskeleton of crustaceans and cell walls of fungi [57, 58] . PEO is produced through the interaction of ethylene oxide with water, ethylene glycol, or ethylene glycol oligomers [59] . Xanthan gum is obtained from common allergens such as corn, wheat, dairy, and soy [10, 12] . SA is refined from brown seaweeds. PAA is the generic name for synthetic high molecular weight (~1,000,000 g/mol) polymers of acrylic acid which is produced from propene, which is the byproduct of ethylene and gasoline production [60] . The biopolymers were mixed with deionized (DI) water and biopolymer solutions were applied in this study (Table 1 ).
Figure 2.
Chemical composition structure (a) PAA (polyacrylic acid) (~1,000,000 g/mol); (b) chitosan (chitosan, 85% deacetylated power); (c) PEO (polyethylene oxide) (600,000 g/mol); (d) SA (alginic acid sodium salt); and (e) xanthan (xanthan gum). 
Contact Angle of Biopolymer Solution
Material and Test Procedure
The sessile drop technique was used to measure the contact angle of biopolymer solution on a silica surface. Smooth-fused pure silica plates (VWR Vista Vision-Cover Glasses, amorphous SiO 2 ) were used as the substrates that represent Ottawa sand. Figure 3 shows the apparatus used in this research. Contact angles of different biopolymer solutions were measured both on silica plates submerged in decane (alkane hydrocarbon, anhydrous, ě99%, C 10 H 22 ), which are the main component consisting of natural oil, and on the silica plates at atmospheric conditions. The temperature was maintained constantly (24˝C) at room temperature. To prepare the experiment, a silica plate was cleaned using ethanol (Malickrodt Baker, ACS reagent grad) and handled with gloved-hand. Each silica plate was not reused in order to avoid uncertainty from reaction history with decane and biopolymer solution. The droplet of biopolymer solution was foamed on the silica surface at atmospheric conditions and the contact angle was measured. In other tests, biopolymer was introduced into the decane-filled chamber and released on the silica plate which was placed in the chamber (Figure 3b ). The change in the biopolymer droplet was monitored using high-resolution time-lapse photography (12.3 megapixel, Nikon D90). The tests were repeated 3-4 times under same conditions. Images of the droplets captured were used for measuring the contact angle and analyzed with ImageJ (Figure 3b ). silica plate was not reused in order to avoid uncertainty from reaction history with decane and biopolymer solution. The droplet of biopolymer solution was foamed on the silica surface at atmospheric conditions and the contact angle was measured. In other tests, biopolymer was introduced into the decane-filled chamber and released on the silica plate which was placed in the chamber (Figure 3b ). The change in the biopolymer droplet was monitored using high-resolution time-lapse photography (12.3 megapixel, Nikon D90). The tests were repeated 3-4 times under same conditions. Images of the droplets captured were used for measuring the contact angle and analyzed with ImageJ ( Figure 3b ). 
Result
Contact angles obtained using ImageJ are presented in Figure 4 . The result shows that: (1) all biopolymer solutions used in this study are hydrophilic on the silica surface at atmospheric conditions and overall contact angles are within the range of 31.7° to 41.2°, which is similar to deionized (DI) water (~39.1°) ; (2) contact angles on a silica surface submerged in decane are higher than that at atmospheric conditions. Even biopolymer solutions such as PEO-10, SA-20, Xanthan-2, including deionized (DI) water, are hydrophobic on a silica surface in decane (>90°), (3) while contact angles of PEO at atmospheric conditions decrease in line with the increase in PEO concentration, but increase in decane with its concentration; and (4) contact angles of SA increased both at atmospheric conditions and in decane with its concentration. 
Interfacial Tension and Surface Tension of Biopolymer Solution
Result
Contact angles obtained using ImageJ are presented in Figure 4 . The result shows that: (1) all biopolymer solutions used in this study are hydrophilic on the silica surface at atmospheric conditions and overall contact angles are within the range of 31.7˝to 41.2˝, which is similar to deionized (DI) water (~39.1˝); (2) contact angles on a silica surface submerged in decane are higher than that at atmospheric conditions. Even biopolymer solutions such as PEO-10, SA-20, Xanthan-2, including deionized (DI) water, are hydrophobic on a silica surface in decane (>90˝), (3) while contact angles of PEO at atmospheric conditions decrease in line with the increase in PEO concentration, but increase in decane with its concentration; and (4) contact angles of SA increased both at atmospheric conditions and in decane with its concentration. silica plate was not reused in order to avoid uncertainty from reaction history with decane and biopolymer solution. The droplet of biopolymer solution was foamed on the silica surface at atmospheric conditions and the contact angle was measured. In other tests, biopolymer was introduced into the decane-filled chamber and released on the silica plate which was placed in the chamber (Figure 3b ). The change in the biopolymer droplet was monitored using high-resolution time-lapse photography (12.3 megapixel, Nikon D90). The tests were repeated 3-4 times under same conditions. Images of the droplets captured were used for measuring the contact angle and analyzed with ImageJ (Figure 3b ). 
Interfacial Tension and Surface Tension of Biopolymer Solution
Material and Test Procedure
SensaDyne QC 6000 Surface Tensiometer (SensaDyne Instrument Division, Flagstaff, AZ, USA) was used to measure the surface tension of biopolymer solutions. This device can blow a nitrogen bubble using two probes with different radii into the liquid, which generates the differential pressure. The dynamic surface tension can be calculated using Equation (5) with consideration of both differential pressure measured and the calibration factor k supported by the device [61] .
p " p max´pmin (4) σ " kˆ p
where, σ is surface tension, k is calibration factor, ∆p is a differential pressure between the maximum pressure p max and the minimum pressure p min . Additionally, interfacial tension was measured using a force Tensiometer (Sigma 703D) based on the Du Nouy ring method. In the Du Nouy ring method, the container including two fluids (decane and biopolymer solution) is prepared (note: the Du Nouy ring method may not give an accurate value compared to the Wilhelmy plate method for viscoelastic water-soluble polymers). Decane is placed on the biopolymer solution due to its lower density. The platinum ring (with a diameter of 6 cm) is initially submerged into biopolymer solution and then raised to the decane phase forming a fluid meniscus. The meniscus tears from the ring and the maximum force required to support the ring is measured. The force measured is the interfacial tension between decane and the biopolymer solution. Figure 5 shows the surface tensions and interfacial tensions measured. Figure 5a shows that (1) PEO-1 and PEO-10 have lower surface tensions than deionized (DI) water; and (2) surface tensions of other biopolymer solutions used in this study (i.e., SA-2, SA-20, Chitosan-2, and Xanthan-2) are in the range of 74-81 (mN/m) and are slightly higher than deionized (DI) water (73 mN/m). Figure 5b shows that (1) the interfacial tensions among all fluids and decane are lower than its surface tension, and (2) bubble using two probes with different radii into the liquid, which generates the differential pressure. The dynamic surface tension can be calculated using Equation (5) with consideration of both differential pressure measured and the calibration factor k supported by the device [61] .
Result
Δp= pmax − pmin (4)
where, σ is surface tension, k is calibration factor, Δp is a differential pressure between the maximum pressure pmax and the minimum pressure pmin. Additionally, interfacial tension was measured using a force Tensiometer (Sigma 703D) based on the Du Nouy ring method. In the Du Nouy ring method, the container including two fluids (decane and biopolymer solution) is prepared (note: the Du Nouy ring method may not give an accurate value compared to the Wilhelmy plate method for viscoelastic water-soluble polymers). Decane is placed on the biopolymer solution due to its lower density. The platinum ring (with a diameter of 6 cm) is initially submerged into biopolymer solution and then raised to the decane phase forming a fluid meniscus. The meniscus tears from the ring and the maximum force required to support the ring is measured. The force measured is the interfacial tension between decane and the biopolymer solution. Figure 5 shows the surface tensions and interfacial tensions measured. Figure 5a shows that (1) PEO-1 and PEO-10 have lower surface tensions than deionized (DI) water; and (2) surface tensions of other biopolymer solutions used in this study (i.e., SA-2, SA-20, Chitosan-2, and Xanthan-2) are in the range of 74-81 (mN/m) and are slightly higher than deionized (DI) water (73 mN/m). Figure 5b shows that (1) the interfacial tensions among all fluids and decane are lower than its surface tension, and (2) the interfacial tensions of all biopolymer solutions (25-39 mN/m) are lower than deionized (DI) water (51 mN/m). 
Viscosity of Biopolymer Solution
Material and Test Procedure
The values of the biopolymer solutions' viscosities were measured through the spindle rotation method using the Anton Paar MCR302 rheometer at room temperature and atmospheric pressure. Each solution was placed in Anton Paar MCR302 rheometer that controls the shear rate at the range of 0.1 to 10 (1/s) and measured shear stress (Pa) at the same time. The values of viscosity were estimated using both shear rate and shear stress. 
Viscosity of Biopolymer Solution
Material and Test Procedure
The values of the biopolymer solutions' viscosities were measured through the spindle rotation method using the Anton Paar MCR302 rheometer at room temperature and atmospheric pressure. Each solution was placed in Anton Paar MCR302 rheometer that controls the shear rate at the range of 0.1 to 10 (1/s) and measured shear stress (Pa) at the same time. The values of viscosity were estimated using both shear rate and shear stress. Figure 6a shows that (1) while biopolymer solutions such as PEO-1, SA-2, and Chitosan-2 have similar viscosity to deionized (DI) water, the rest of them (PEO-10, SA-20, PAA-2, Xanthan-2) have higher viscosities than deionized (DI) water; (2) while viscosities of PAA-2 and Xanthan-2 decrease in line with the increase of shear rate that represent non-Newtonian fluids, the rest of them have relatively constant viscosities; and (3) the viscosities of both SA and PEO increase in line with their concentration. Figure 6a shows that (1) while biopolymer solutions such as PEO-1, SA-2, and Chitosan-2 have similar viscosity to deionized (DI) water, the rest of them (PEO-10, SA-20, PAA-2, Xanthan-2) have higher viscosities than deionized (DI) water; (2) while viscosities of PAA-2 and Xanthan-2 decrease in line with the increase of shear rate that represent non-Newtonian fluids, the rest of them have relatively constant viscosities; and (3) the viscosities of both SA and PEO increase in line with their concentration. 
Result
Micromodel Test
Apparatus and Materials
The experimental configuration of this study is schematically shown in Figure 7 . The silica micromodel is placed horizontally on a customized jack stage. A syringe (2.5 mL with 1/16 inch fitting), controlled by a precision syringe pump (Kats Scientific, NE-1010), is connected with the micromodel for biopolymer solution injection. To monitor the flow processes in the micromodel, a high-resolution camera (Nikon D7000, 16.2 megapixels), with image and video-capturing function controlled by the computer, is used. SA-20 and PAA-2 were not used in the micromodel test due to excessively high viscosity. 
Micromodel
The micromodel fabricated by Micronit Microfluidics BV is made of fused silica. Customized pore networks are etched on two symmetrically-patterned silica plates, which are then fused together 
Micromodel Test
Apparatus and Materials
Micromodel
The micromodel fabricated by Micronit Microfluidics BV is made of fused silica. Customized pore networks are etched on two symmetrically-patterned silica plates, which are then fused together to form a two-dimensional porous network. The patterned area is 20 mmˆ10 mm, containing 576 discoid silica grains (590 µm in diameter and 1186 pore bodies). The pore throat is 20 µm deep and around 30 µm wide. Figure 8a shows the top view of the micromodel within a chip holder for protection and tubing connection. to form a two-dimensional porous network. The patterned area is 20 mm × 10 mm, containing 576 discoid silica grains (590 μm in diameter and 1186 pore bodies). The pore throat is 20 μm deep and around 30 μm wide. Figure 8a shows the top view of the micromodel within a chip holder for protection and tubing connection. 
Experimental Procedure
The micromodel was firstly cleaned by way of injecting 10 mL of absolute ethanol (Mallinckodt Baker, ACS reagent grad) which was followed by 30mL of deionized (DI) water and then oven-dried at 120 °C for 48 h. After cleaning, the experimental system was assembled accordingly as illustrated in Figure 7 . Two types of tests were conducted using the micromodel. The first test was the biopolymer injection into the air-filled micromodel at atmospheric conditions. Biopolymer injection into the micromodel was initiated at a constant flow rate in the range of 0.7 to 70 μL/min. The injection continued until biopolymer percolated through the micromodel. Additional one hundred pore volume (PV) of biopolymer was eventually injected into the micromodel after the biopolymer had percolated through the micromodel. The second test was the biopolymer injection into the decanesaturated micromodel. A small tubing chamber was placed between the micromodel and the syringe pump that was filled with biopolymer solution and decane ( Figure 7) . Decane was always placed on the upper layer in this chamber considering its lower density than the biopolymer solutions. Thus, the micromodel was initially saturated with decane (Sigma-Aldrich, anhydrous, >99%) first. After that, biopolymer injection into the micromodel was initiated at a constant flow rate in the range of 0.5 to 50 μL/min. Injection continued until no more decane was drained from the micromodel. Furthermore, an additional one hundred pore volume (PV) of biopolymer was finally injected into the micromodel after the biopolymer had percolated through the micromodel. Additional injection of 100 PV is intended to clarify the displacement change after the percolation of fluid in the micromodel.
Captured images and videos during such injection processes were used to compute the timelapse biopolymer saturations and biopolymer-decane displacement ratios in the micromodel. Biopolymer saturation is defined as the ratio between the volume of biopolymer solution and the pore volume in micromodel obtained from biopolymer injection into the air-filled micromodel test. Additionally, the biopolymer-decane displacement ratio is defined as the ratio between the volume 1 x 2 cm 
The micromodel was firstly cleaned by way of injecting 10 mL of absolute ethanol (Mallinckodt Baker, ACS reagent grad) which was followed by 30mL of deionized (DI) water and then oven-dried at 120˝C for 48 h. After cleaning, the experimental system was assembled accordingly as illustrated in Figure 7 . Two types of tests were conducted using the micromodel. The first test was the biopolymer injection into the air-filled micromodel at atmospheric conditions. Biopolymer injection into the micromodel was initiated at a constant flow rate in the range of 0.7 to 70 µL/min. The injection continued until biopolymer percolated through the micromodel. Additional one hundred pore volume (PV) of biopolymer was eventually injected into the micromodel after the biopolymer had percolated through the micromodel. The second test was the biopolymer injection into the decane-saturated micromodel. A small tubing chamber was placed between the micromodel and the syringe pump that was filled with biopolymer solution and decane ( Figure 7) . Decane was always placed on the upper layer in this chamber considering its lower density than the biopolymer solutions. Thus, the micromodel was initially saturated with decane (Sigma-Aldrich, anhydrous, >99%) first. After that, biopolymer injection into the micromodel was initiated at a constant flow rate in the range of 0.5 to 50 µL/min. Injection continued until no more decane was drained from the micromodel. Furthermore, an additional one hundred pore volume (PV) of biopolymer was finally injected into the micromodel after the biopolymer had percolated through the micromodel. Additional injection of 100 PV is intended to clarify the displacement change after the percolation of fluid in the micromodel.
Captured images and videos during such injection processes were used to compute the time-lapse biopolymer saturations and biopolymer-decane displacement ratios in the micromodel. Biopolymer saturation is defined as the ratio between the volume of biopolymer solution and the pore volume in micromodel obtained from biopolymer injection into the air-filled micromodel test. Additionally, the biopolymer-decane displacement ratio is defined as the ratio between the volume of biopolymer solution and the pore volume in the micromodel obtained from the biopolymer injection into the decane-saturated micromodel test. Figure 8b shows the snapshot of biopolymer injection into the initially decane-saturated micromodel. With this image, the biopolymer-decane displacement ratio was obtained. In this case, the injected biopolymer solution percolates through the micromodel within 2.0 s. While additional 100 pore volume (PV) biopolymer solution is injected into the micromodel after percolation (>2.0 s), distribution of residual decane remains unchanged. Biopolymer solution injection was controlled at constant flow rates (from 0.5 µL/minto~70 µL/min) during the tests. Figure 9 shows that (1) biopolymer saturation (biopolymer-air displacement) was obviously increased in line with the increase in injection rate, which agrees with previous study by Kuo et al. (2011); (2) the pore saturations of SA-2 and PEO-1, according to injection rate, have a similar pattern with deionized (DI) water; (3) the pore saturation of Xanthan-2 and PEO-10 are higher than others, including SA-2, PEO-1, and deionized (DI) water at the same injection rate; and (4) at higher injection rate (>0.1 mL/s), the pore saturations of all fluids are relatively high (>90%). of biopolymer solution and the pore volume in the micromodel obtained from the biopolymer injection into the decane-saturated micromodel test. Figure 8b shows the snapshot of biopolymer injection into the initially decane-saturated micromodel. With this image, the biopolymer-decane displacement ratio was obtained. In this case, the injected biopolymer solution percolates through the micromodel within 2.0 s. While additional 100 pore volume (PV) biopolymer solution is injected into the micromodel after percolation (>2.0 s), distribution of residual decane remains unchanged. Biopolymer solution injection was controlled at constant flow rates (from 0.5 μL/minto ~70 μL/min) during the tests. Figure 9 shows that (1) biopolymer saturation (biopolymer-air displacement) was obviously increased in line with the increase in injection rate, which agrees with previous study by Kuo et al. (2011); (2) the pore saturations of SA-2 and PEO-1, according to injection rate, have a similar pattern with deionized (DI) water; (3) the pore saturation of Xanthan-2 and PEO-10 are higher than others, including SA-2, PEO-1, and deionized (DI) water at the same injection rate; and (4) at higher injection rate (>0.1 mL/s), the pore saturations of all fluids are relatively high (>90%). Figure 10 shows that: (1) biopolymer-decane displacement was obviously increased in line with the increase in the injection rate, which also agrees with previous study; (2) at a higher injection rate (>0.1 mL/s), the biopolymer-decane displacements of all fluids are relatively high (>90%); and (3) the biopolymer-decane displacement ratios with SA-2, PEO-10 and chistosan are immensely high even at a lower injection rate (~0.00002 mL/min). Figure 10 shows that: (1) biopolymer-decane displacement was obviously increased in line with the increase in the injection rate, which also agrees with previous study; (2) at a higher injection rate (>0.1 mL/s), the biopolymer-decane displacements of all fluids are relatively high (>90%); and (3) the biopolymer-decane displacement ratios with SA-2, PEO-10 and chistosan are immensely high even at a lower injection rate (~0.00002 mL/min). of biopolymer solution and the pore volume in the micromodel obtained from the biopolymer injection into the decane-saturated micromodel test. Figure 8b shows the snapshot of biopolymer injection into the initially decane-saturated micromodel. With this image, the biopolymer-decane displacement ratio was obtained. In this case, the injected biopolymer solution percolates through the micromodel within 2.0 s. While additional 100 pore volume (PV) biopolymer solution is injected into the micromodel after percolation (>2.0 s), distribution of residual decane remains unchanged. Biopolymer solution injection was controlled at constant flow rates (from 0.5 μL/minto ~70 μL/min) during the tests. Figure 9 shows that (1) biopolymer saturation (biopolymer-air displacement) was obviously increased in line with the increase in injection rate, which agrees with previous study by Kuo et al. (2011); (2) the pore saturations of SA-2 and PEO-1, according to injection rate, have a similar pattern with deionized (DI) water; (3) the pore saturation of Xanthan-2 and PEO-10 are higher than others, including SA-2, PEO-1, and deionized (DI) water at the same injection rate; and (4) at higher injection rate (>0.1 mL/s), the pore saturations of all fluids are relatively high (>90%). Figure 10 shows that: (1) biopolymer-decane displacement was obviously increased in line with the increase in the injection rate, which also agrees with previous study; (2) at a higher injection rate (>0.1 mL/s), the biopolymer-decane displacements of all fluids are relatively high (>90%); and (3) the biopolymer-decane displacement ratios with SA-2, PEO-10 and chistosan are immensely high even at a lower injection rate (~0.00002 mL/min). 
Result
Analyses and Discussion
Viscous Number (N m ) and Capillary Number (N c )
N m and N c values of each test in this study are calculated based on Equations (2) and (3), respectively. Injection velocity of biopolymer solution v inv is computed using the injection rate divided by the cross-sectional pore area (20 µmˆ30 µm) of the micromodel. For example, an injection rate of 10 µL/min in this study corresponds to the injection velocity of 104.16 cm/min. Figures 11 and 12 show the N c and N m values in our experiments, which are also relevant to field conditions, located at the transition region among the invading patterns represented by Lenormand (1990) [52] . Within this region, while the changes of N m do not show any clear tendency in this study (Figures 11a and 12a) , biopolymer solution-decane displacement ratio (or biopolymer saturation) was clearly increased with N c (Figures 11b and 12b) . This finding also agrees with previous pore network simulation results [62] . Thus, increasing the N c value is recommended to increase the biopolymer solution-decane displacement ratio (or biopolymer saturation). N c is proportional to injection velocity v inv , injected biopolymer solution viscosity µ inv , and contact angle on the mineral surface θ, but inversely proportional to the interfacial tension σ (Equation (3)). The following techniques which increase N c values are recommended for biopolymer solution injection into the porous media for oil-contaminated soil remediation and enhanced oil recovery: (1) increasing the biopolymer solution injection velocity (note: while excessively increasing velocity may cause potential plugging problems or others in the field, however, this study focuses on relations between injection velocity and displacement efficiency in the laboratory); (2) increasing the viscosity of biopolymer solutions by adding more biopolymer; and (3) increasing the contact angle and decreasing interfacial tension (or surface tension) controlling the concentration of biopolymer solution (note: preliminary results show the proportional changes of viscosity, contact angle, and interfacial tension with the concentration of biopolymer solutions). Conversely, any event that decreases the N c value will impede the biopolymer solution injection efficiency for oil-contaminated soil remediation and enhanced oil recovery. 
Analyses and Discussion
Viscous Number (Nm) and Capillary Number (Nc)
Nm and Nc values of each test in this study are calculated based on Equations (2) and (3), respectively. Injection velocity of biopolymer solution vinv is computed using the injection rate divided by the cross-sectional pore area (20 μm × 30 μm) of the micromodel. For example, an injection rate of 10 μL/min in this study corresponds to the injection velocity of 104.16 cm/min. Figures 11 and  12 show the Nc and Nm values in our experiments, which are also relevant to field conditions, located at the transition region among the invading patterns represented by Lenormand (1990) [52] . Within this region, while the changes of Nm do not show any clear tendency in this study (Figures 11a and  12a) , biopolymer solution-decane displacement ratio (or biopolymer saturation) was clearly increased with Nc (Figures 11b and 12b) . This finding also agrees with previous pore network simulation results [62] . Thus, increasing the Nc value is recommended to increase the biopolymer solution-decane displacement ratio (or biopolymer saturation). Nc is proportional to injection velocity vinv, injected biopolymer solution viscosity μinv, and contact angle on the mineral surface θ, but inversely proportional to the interfacial tension σ (Equation (3)). The following techniques which increase Nc values are recommended for biopolymer solution injection into the porous media for oilcontaminated soil remediation and enhanced oil recovery: (1) increasing the biopolymer solution injection velocity (note: while excessively increasing velocity may cause potential plugging problems or others in the field, however, this study focuses on relations between injection velocity and displacement efficiency in the laboratory); (2) increasing the viscosity of biopolymer solutions by adding more biopolymer; and (3) increasing the contact angle and decreasing interfacial tension (or surface tension) controlling the concentration of biopolymer solution (note: preliminary results show the proportional changes of viscosity, contact angle, and interfacial tension with the concentration of biopolymer solutions). Conversely, any event that decreases the Nc value will impede the biopolymer solution injection efficiency for oil-contaminated soil remediation and enhanced oil recovery. 
Effects of Effective Stress on Capillary Pressure
The capillary pressure curve is inherently dependent on pore-scale characteristics, including pore connectivity, size distribution, and gas-fluid-mineral contact properties in the manifestations of contact angle, interfacial tension (or surface tension), and hysteresis. To prove the effect of pore size distribution on the capillarity development during biopolymer solution-decane displacement, the following analysis is conducted to identify the influential factors and their interrelation. Capillary 
The capillary pressure curve is inherently dependent on pore-scale characteristics, including pore connectivity, size distribution, and gas-fluid-mineral contact properties in the manifestations of contact angle, interfacial tension (or surface tension), and hysteresis. To prove the effect of pore size distribution on the capillarity development during biopolymer solution-decane displacement, the following analysis is conducted to identify the influential factors and their interrelation. Capillary pressure as a function of effective stress p 1 , sediment compressibility (e 1kps , C c ), pore structure (S s , ασ x ), pressure-dependent surface tension σ, and contact angle θ are expressed (Equations (6) and (7)) [63] :
where, p 1 is the effective stress of sediments that are defined with a depth and unit weight of soil, C c is the compressive index of sediments, e 1kpa is the void ration of sediments at 1kPa effective stress, S s is the specific surface, ρ is the density of mineral, k is the geometric factor between 6 and 12, σ x is the standard deviation of pore size distribution, α is the factor of standard deviation, σ is the interfacial tension, and θ is the contact angle. pressure as a function of effective stress p', sediment compressibility (e1kps, Cc), pore structure (Ss, ασx), pressure-dependent surface tension σ, and contact angle θ are expressed (Equations (6) and (7)) [63] :
where, p' is the effective stress of sediments that are defined with a depth and unit weight of soil, Cc is the compressive index of sediments, e1kpa is the void ration of sediments at 1kPa effective stress, Ss is the specific surface, ρ is the density of mineral, k is the geometric factor between 6 and 12, σx is the standard deviation of pore size distribution, α is the factor of standard deviation, σ is the interfacial tension, and θ is the contact angle. In general, the factor = 4/ 10 is in the range of 0.04 to 0.08 [63] . Table 2 shows soil properties of sand, silt, kaolinite, illite, and montmorillonite. For example, considering various effective stress conditions, the capillary pressure for each biopolymer solution to inject into silt sediments can be interpreted using both surface tension and contact angle measured in this study and the soil properties in Table 2 . The results show that capillary pressure was increased with applied effective stress ( Figure 13 ). It also shows that PEO-10 causes smallest capillary pressure, while Chitosan-2 causes the largest capillary pressure. Furthermore, higher capillary pressures are expected with (1) higher density minerals, (2) increase in the effective stress of sediments p' that can be increased with the depth of sediments, (3) higher specific surface of mineral Ss, like clay materials, (4) higher compressive index Cc material, like clay, and (5) lower void ratio at 1kPa effective stress e1kpa. In general, the factor ψ = 4/ k10 ασ x is in the range of 0.04 to 0.08 [63] . Table 2 shows soil properties of sand, silt, kaolinite, illite, and montmorillonite. For example, considering various effective stress conditions, the capillary pressure for each biopolymer solution to inject into silt sediments can be interpreted using both surface tension and contact angle measured in this study and the soil properties in Table 2 . The results show that capillary pressure was increased with applied effective stress ( Figure 13 ). It also shows that PEO-10 causes smallest capillary pressure, while Chitosan-2 causes the largest capillary pressure. Furthermore, higher capillary pressures are expected with (1) higher density minerals, (2) increase in the effective stress of sediments p 1 that can be increased with the depth of sediments, (3) higher specific surface of mineral S s , like clay materials, (4) higher compressive index C c material, like clay, and (5) lower void ratio at 1kPa effective stress e 1kpa . 
Conclusions
Biopolymer solutions, such as chitosan, PEO, xanthan, SA, and PAA, are tested to identify the contact angle, surface tension, interfacial tension, and viscosity. Flow characteristics have been studied using a micromodel. The implications from the test results with regard to soil remediation and enhanced oil recovery are discussed below.
In the air, overall contact angles of all biopolymer solutions on silica surfaces are within the range of 31.7° to 41.2°, which is similar to deionized (DI) water (39.1°). Contact angles on silica surfaces submerged in decane are higher than those at atmospheric conditions and biopolymer solutions such as PEO-10, SA-20 and Xanthan-2, including deionized (DI) water (94.5°), even present as hydrophobic in decane. Overall contact angles of all biopolymer solutions on silica surfaces submerged in decane are within the range of 76.1° to 102.6°. Within the given range of contact angles, the effect of contact angles on flow behavior in porous media would be minor compared to the fluid injection rate.
While PEO-1 and PEO-10 solutions have lower surface tensions than deionized (DI) water, the rest of them (i.e., SA-2, SA-20, Chitosan-2, PAA-2, and Xanthan-2) have higher surface tensions than deionized (DI) water. Overall surface tensions are within the small range of 62 mN/m to 81 mN/m. Thus, the influence of surface tension for capillary pressure (Pc) and capillary number (Nc) is significant and more obvious than the contact angle (θ).
The viscosities of PAA-2 and Xanthan-2 have higher values than deionized (DI) water, which causes biopolymer solution-decane (or air) displacements to increase. Biopolymers have lower viscosities effect on less biopolymer solution-decane (or air) displacement at the same flow rates. Additionally, the viscosities of PAA-2 and Xanthan-2 solutions are highly dependent on shear rate. Therefore, it is important to properly determine the shear rate (that is, in turn, injection rate) in order to design soil remediation process and calculate the efficiency.
The biopolymer solution-decane (or air) displacement ratio was increased with the capillary number Nc, while its dependency on the viscosity number Nm remains unclear. The capillary number Nc in microscopic multiphase flow is different from that of the macroscopic flow, which is also associated with length scale, saturation history, and relative permeability. However, the biopolymer solution-decane (or air) displacement ratio was clearly increased with the increase in flow rate. Low flow rate results in low levels of displacement ratio, but the displacement ratio is higher for biopolymer solutions than deionized (DI) water. Thus, biopolymer injection would possibly lead to cost-efficient high flow rates.
In high-pressure reservoirs, the capillarity at the early stage is relatively lower, which is attributable to both increased contact angle and decreased interfacial tension. Within the function of 
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In high-pressure reservoirs, the capillarity at the early stage is relatively lower, which is attributable to both increased contact angle and decreased interfacial tension. Within the function of effective stress of capillary pressure, estimation of capillary pressure can be achieved with measured interfacial tension and contact angle of fluids at different effective stress levels. In this research, the capillary pressure for each biopolymer has been estimated in silt sediments at different effective stress levels. Compared with all biopolymers, PEO-10 could result in the smallest capillary pressure at the same effective stress level compared with other biopolymers. On the contrary, Chitosan-2 leads to the largest capillary pressure. Furthermore, higher capillary pressure can be expected within (1) a decrease in contact angle θ, such as PEO-1 and PEO-10; (2) an increase in surface tension σ, like SA-2 and SA-20; (3) a higher density mineral; (4) an increase in effective stress of sediments p 1 that can be increased with the depth of sediments; (5) a higher specific surface of mineral S s , like clay materials; (6) a higher compressive index C c material, like clay; and (7) lower void ratio at 1kPa effective stress.
